Improved technologies are increasingly promoted to farmers in sub-Saharan Africa to address low agricultural productivity. There is, however, a lack of evidence on how adoption affects farmers' labour use, gender roles and profitability. This paper analyses the farm level impacts of the recently introduced row planting technology in teff production in Ethiopia. Using a randomised controlled trial, we show that row planting significantly increases the total labour requirement and allocation but not teff yields, resulting in a substantial drop in labour productivity. There is no significant profitability effect at the farm level, seemingly explaining the limited success in upscaling the programme.
Introduction
While agriculture remains the main income source of many farm households in sub-Saharan Africa (SSA), productivity levels are low and growth rates have recently stagnated (World Bank, 2008; Alston and Pardey, 2014) . Increased uptake of improved crop varieties, inorganic fertiliser and irrigation is, therefore, promoted to farmers in SSA to achieve yield benefits similar to Asia's Green Revolution (Evenson and Gollin, 2003; Kabunga, Dubois and Qaim, 2012; deGraft-Johnson et al., 2014; Zeng et al., 2015) . However, adoption rates of these improved technologies have been disappointingly low in SSA, seemingly related to complex and heterogeneous agro-ecological seasonal labour scarcity (Alwang and Siegel, 1999; Moser and Barrett, 2006) . 4 Finally, the adoption of new technologies might affect the gender allocation of labour within the household, depending on which tasks males and females perform within the household and how woman's time is valued (Von Braun and Webb, 1989; Doss, 2001) . 5 Second, farmers are considered as profit maximisers, and hence the adoption of a new technology is conditioned by the overall net return to the technology, not just the yield benefit. However, most impact evaluations do not collect detailed data on the cost of production. This information gap undermines understanding of the conditions under which the profitability of a new technology can be assessed (Doss, 2006; Foster and Rosenzweig, 2010) .
In this paper, we contribute to the literature by analysing how the adoption of a new technology affects the labour usage, productivity and profitability of a staple crop at the farm level. With narrow knowledge beyond the yield impacts of new technologies, we contribute to the limited -but growing -literature that assesses whether the adoption at the farm level is profitable (e.g. recent studies on fertiliser profitability -see Koussoubé and Nauges, 2017) or how technology adoption affects inter-and intra-household labour allocation or gender issues (Ilahi, 2000; Doss, 2001; Lee, 2005; Lambrecht, Vanlauwe and Maertens, 2016) . The empirical analysis will be based on experimental data where we control for selection into technology adoption. The study design is in line with other experimental studies, (e.g. Duflo, Kremer and Robinson, 2008) in which the data collection method is used to overcome the identification issues in technology impacts due to selection biases and unobserved farm heterogeneity. 6 More specifically, we evaluate the farm level impact of the introduction of row planting in teff production in Ethiopia. Teff is a major staple crop for Ethiopian farmers, but national yield levels are low. The traditional broadcast sowing method has been identified as one of the major constraints to increase teff yields. Therefore, attention has now shifted to alternative sowing technologies which focus on row planting and reduced seeding rates to allow for more optimal tillering and branching out of the teff plants. In field experiments conducted in highly controlled research settings, the row planting sowing technique has been found to substantially increase teff yields (ATA, 2013) . Based on this agronomic yield effect, the Government of Ethiopia (GoE) has focused extension efforts on promoting the widespread adoption of row planting by farmers from 2012 onwards.
To date, however, there is no rigorous empirical study on the impact of row planting of teff for adopting farmers in Ethiopia or elsewhere. To the best of our knowledge, this paper is the first to provide an in-depth labour and profitability assessment of teff row planting at the farm level. Specifically, we assess the impact of the row planting technology on teff productivity and profitability at the plot level during the pre-scale-up phase of an extension programme in 2012 that introduced row planting to teff farmers. To this end, a unique data collection effort was conducted in several villages of one of the major teff growing regions (Oromia) in Ethiopia. A large-scale randomised controlled trial (RCT) was implemented by randomising both the selection of farmers in the experiment and the assignment of the different sowing technologies to participating farmers. Even though the technology was promoted as a package (together with improved seeds), all farmers received identical inputs, i.e. improved seed, fertiliser and training on row planting, which enabled us to precisely identify and measure the impacts of the sowing method.
We provide a detailed assessment of the impact of adopting row planting on different outcomes in teff production. The results show that labour requirements substantially increase when adopting row planting at the farm level, but without an associated benefit in improved yields. Hence, teff profitability did not increase, the ultimate driver for successful adoption of any technology. Our results hence have important implications for the adoption of row planting in Ethiopia or for other labour-intensive land management technologies in general. Moreover, our result indicates important inter-household and gender labour impacts, which provides insights into which types of farmers are in a better position to adopt or to continue to adopt the row planting technology. Finally, our results show that in the case of knowledge and labour-intensive technologies, there is a need to carefully assess on-farm constraints to adoption before promoting the technology to farmers on a wide scale.
Teff production and row planting in Ethiopia
Teff is Ethiopia's most important staple crop for rural producers, at least in value terms. During the 2012/13 meher (main) rainy season, teff was produced by more than 6 million farmers, resulting in a total production of 3.5 million tons on 2.7 million hectares of land. Teff production accounts for 28 per cent of total cereal production area and 16 per cent of all grain output (CSA, 2013) . In the same season, national teff yields achieved a level of 1.3 metric tons per hectare. Teff is a major staple food and has an excellent nutritional value (high protein and fibre content, low calorie content and gluten free). It accounts for 11-15 per cent of all calories consumed, and 23 per cent of urban food consumption (Berhane, Paulos and Tafere, 2011) . Per capita consumption has grown by 4 per cent over the last 5 years (ATA, 2013) , and is likely to continue to grow because of increases in average incomes and fast urbanisation. International demand for teff is also increasing since the ban on teff export has been removed in 2015, at least for a number of commercial farms. Teff is also appreciated in Western countries for its high-nutritional value and is already cultivated as fodder for livestock because of its water efficiency.
The agronomic practices of teff production have changed relatively little over time (Ketema, 1997) . Teff is sown in July or August (shortly after the start of the main rainy meher season) after the land has been prepared by removing stones, ploughing (3-6 times) and levelling the field. Because of its small seed size, teff is almost exclusively sown through broadcasting, i.e. scattering by hand at a high seed rate (up to 50 kg per hectare) and afterwards lightly covered with soil until germination. Most farmers apply diammonium phosphate (DAP) and urea as fertiliser during the growing period, mainly because of the plant-nutrient impoverished soil. During the growing period, several weedings are required. Harvesting is carried out after 3-5 months, and the teff output is then threshed using oxen.
The traditional broadcasting sowing is considered as one of the main reasons why teff yields are low in Ethiopia. Broadcasting makes it difficult to achieve a uniform plant stand over the field, and also forces farmers to use more seeds to suppress weed growth. Therefore, research has been conducted on improving sowing technologies in teff production, with special attention to row planting. Row planting is a knowledge intensive -but not capital demandingtechnology in which (i) seeds are sown in rows and (ii) the seed rate is reduced according to scientific recommendations. Row planting of teff seed is considered to be superior compared to the traditional broadcasting method because a reduced seed rate decreases competition between the seedlings for water and nutrients. It, however, requires extra labour, mainly early in the season, because of additional tilling (for seedbed preparation) and to construct rows in which the seeds are carefully sown. Moreover, fertiliser application will become more labour intensive because -instead of scattering the fertiliser -farmers have to apply the fertiliser more carefully in the rows at appropriate rates. On the other hand, row planting is believed to make weeding easier and should require less labour. In research trials, row planting has been shown to increase teff yields up to three times and lowers seed costs, making it seemingly a good value proposition for teff farmers (Berhe et al., 2011) .
In light of these research results, the GoE rolled out a nation-wide campaign to promote the use of improved teff sowing technologies. In the promotion campaign, farmers were offered the TIRR package -Teff, Improved seed (Quncho), Reduced seed rate and Row planting. Extension agents taught farmers about the agronomic benefits and the recommendations for the use of these new technologies. Farmers were advised to implement row planting with a seed rate of 5 kg per hectare (instead of the traditional 25 kg per hectare), construct parallel rows with 20 cm between the rows and to plant seeds at a depth between 2 and 3 cm below the soil surface (ATA, 2013) . Field demonstration days were held with teff farmers at which specialists demonstrated the proper implementation of the technologies. In 2012, the Ministry of Agriculture (MoA), with the support of the Agricultural Transformation Agency (ATA), provided this TIRR package with the requisite extension knowledge to 70,000 farmers. In the years that followed, the programme was scaled up nationwide to almost 2.5 million (2013) and 3.5 million (2014) teff farmers through the national extension and farm radio systems (ATA, 2013) .
Even though the TIRR package consists of several elements, subsequent media (and policy) attention has focused on the impact of row planting, because of the doubling of teff yields in research trials. The data collected from a sample of farmers participating in the 2012 pre-scale-up phase showed that these farmers were able to achieve a substantial 65 per cent increase of teff yield over the national average. In the following 2 years, similar productivity increases of 70 per cent were measured. However, without constructing a proper counterfactual, the true yield benefits of row planting at the farm level remain unclear. Moreover, as observed for other technologies, promoting labour-intensive technologies to farmers can be risky when farmers are labour constrained (Barrett et al., 2004; Doss, 2006) . This concern was reflected in farmers' perceptions about row planting collected through community surveys. While most interviewed farmers believe in the yield benefits of row planting (expected yield increase of on average over 150 per cent), labour requirements are considered the most important constraint to adoption of row planting. Notably, 85 per cent of the respondents considered the additional labour for row planting to be a major disadvantage. Hence, even though farmers expressed a belief in the yield benefits of row planting, they were also sceptical about the labour implications of adoption.
Survey design and data

Randomised controlled trial
In developing countries, empirical impact assessment of new technologies on farming systems is a tedious process, as the survey design has to accommodate at least two potential sources of error in the data collection. First, if farmers who have higher yields anyway are more likely to adopt new technologies, the treatment effect of the technology is confounded by observed and unobserved farm characteristics of these better performing farmers. Failing to control for selection biases makes it impossible to identify the treatment effect (Cavatassi et al., 2011) . Second, farmers might not be able to accurately recall the hours of labour supplied for different farm activities and by different persons in the household, and we discuss this source of error in the next section.
The design of our field experiment was implemented in line with the 'prescale-up' phase of the public promotion campaign. This pre-scale-up phase was rolled out by the GoE in 2012 in 23 Agricultural Growth Programme (AGP) woredas (district-level administrative unit) of the Oromia region, the most important teff producing region in the country. 7 The survey collected experimental data at the farm level using a RCT, in which several levels of randomisation were applied to avoid problems of selection biases and unobserved heterogeneity. 8 First, we randomly sampled the villages and farmers within the promotion campaign. We randomly selected 10 woredas from the 23 AGP woredas (districts) in the Oromia region (Figure 1 ). Within each of the selected woredas, we randomly chose four Farmer Training Centres (FTC) out of all FTCs, resulting in a total of 40 selected FTCs. As FTCs were present in each village, we will refer to them as villages (locally called kebeles) in the rest of the text. Within each village, we randomly selected a target sample of 50 farmers to participate in the pre-scale-up phase of the promotion campaign. Second, the assignment of treatment, i.e. the sowing technology, to the 50 farmers was randomised. Forty farmers were assigned to row planting and the last 10 to broadcasting. Third, not all 50 farmers who were part of the programme roll-out were interviewed during the experiment. Based on sample size calculations, 20 farmers in each village were selected to be interviewed. 9 All 10 broadcasting farmers and out of the 40 row planting farmers, 10 farmers were randomly selected for the interview. The target sample for the survey was, therefore, 20 farmers in each village, so a total of 800 farmers to be interviewed twice, during a baseline and impact survey (which are explained in more detail in the next section).
As per the existing design of the promotion campaign, the recommended seed rates designed by the agronomists of the MoA were used and DAs taught and assisted farmers in implementing the row planting technology. All farmers who were part of the promotion campaign were instructed to grow teff using the assigned sowing technology on a small part of the teff fields of the household. The MoA recommended that this teff plot was kept small, i.e. 300 m 2 , to ensure a standardised plot size between farmers and to avoid that farmers have to reallocate too much land or labour to the new technology. This plot was identified by the farmers upfront. To check whether the quality of the experimental plot is different from other teff plots, we compare the (self-reported) soil quality of the experimental plot and other teff plots cultivated by the same household. The results (not reported) show that there is no significant difference in soil quality between experimental plots and other teff plots within the household. Area was measured by enumerators of the Central Statistical Agency (CSA) using the compass and rope (traversing) method. 10 To control for heterogeneity in access to improved varieties and fertiliser, all farmers received improved teff seeds (Quncho) and recommended quantities of fertiliser (3 kg of both urea and DAP) for free. However, following the GoE's recommendations, row planting farmers (the treatment group) received 150 gram and broadcasting farmers (the control group) received 750 gram of seeds.
However, due to several implementation issues, the actual number of villages and farmers included in the sample was different from planned. A detailed overview of the sample selection issues is provided in Appendix A. The number of villages included in the sample is lower than 40 for two reasons. First, one woreda did not follow instructions during the pre-scale-up phase of the promotion campaign and was therefore omitted. Second, in the remaining 36 villages, the allocation of technologies to farmers was only successfully randomised in 19 villages, forcing us to drop the other villages where some farmers might be purposefully selected by extension agents to implement the row planting technology. As a consequence, we focus on the subsample of randomly selected farmers from 19 villages. from the initial design. First, we oversampled the row planting farmers to anticipate less than perfect compliance with treatment, by interviewing some of the remaining row planting farmers in each village. Next, in some villages less than 50 farmers participated in the pre-scale-up phase, which implied that there were less than 10 farmers to assign to the control group. Row planting farmers were then randomly added by DAs to achieve target numbers within the village (20). This increased sample numbers to 410 farmers in the baseline. However, some of these 410 farmers were not the ones that were initially selected by the DAs to be in the experimental sample. Instead, they are replacements for farmers who were initially selected as one of the 20 to be interviewed but did not prepare their experimental plot in line with MoA's recommendations (see Appendix A). At the time of the baseline survey, these farmers -we refer to them as 'non-visited' farmers -were not interviewed but randomly replaced by farmers from the remaining group of 30 in the village. 12 We have in total 127 non-visited farmers but they were added to the final experimental sample to avoid sample selection issues. As a consequence, we have a total random sample of 537 farmers. Table 1 provides an overview (definition and unit of measurement) of farmers' production inputs and output on the experimental teff plot. The teff output harvested on the experimental plot -after drying and threshing of the teff -was collected both using farmers' recall in the impact survey and by directly measuring the output during a separate crop-cut exercise. We focus on the farmers' recall output because these data are only missing for six farmers. 13 Based on the input and output data on teff production, we calculate several measurements of teff profitability as the difference between gross income and total costs in teff production.
14 Teff output prices and DAP and urea input prices were collected during the impact survey in each village through community questionnaires. Data on daily wage rates for labour over the different activities in teff production were taken from the AGP community questionnaires for the AGP villages in Oromia. Wages are measured as daily wages for each production activity averaged over the production season 2011-2012 and averaged over all villages in one district (woreda).
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12 Out of the 50 farmers who were part of the pre-scale-up phase, 40 farmers were assigned to row planting and the last 10 to broadcasting. As a result, there were insufficient control farmers to replace the traditional broadcasting farmers if they did not implement their plot in line with the MoA's recommendation. 13 In contrast, the crop-cut data could not be collected for 127 'non-visited' farmers and seven other farmers, resulting in an attrition rate of 25%. See Appendix A for more on attrition in output data. As we have more observations on the self-reported output, we focus on the selfreported data and we used the crop-cut data only for robustness check in the working paper version (Vandercasteelen et al., 2014) . 14 Even though fertilisers and seed were given for free in the experiment (in order to control for possible input-use differences between control and treated farmers), the profit calculation takes into account the cost as if farmers had to buy the seeds and fertiliser themselves. 15 As prices were reported in person-days, we converted the unit of labour input into person-days (by assuming a workday of 7 h). The AGP community questionnaire did not cover all villages that took part in our experiment and missing data were replaced by woreda averages.
Biases in self-reported labour inputs
A second issue in survey design is that when farmers are asked about labour inputs for many different activities in smallholder agriculture, they may inaccurately recall the supply of labour inputs during the past production season. Most of the evidence suggests show that farmers tend to systematically overestimate their labour inputs, and the quality of self-reported labour critically depends on appropriate survey design, recall period and timing of the questionnaires (Duncan and Hill, 1985; Beegle, Carletto and Himelein, 2012; De Nicola and Giné, 2014) . Since labour outcomes are one of the main treatment effects of interest, the survey questionnaire was carefully designed to collect rigorous labour data. To simplify the requests for data on labour supplied by the household, rather than asking the farmers for one representative figure of total labour for the whole productive season, the farmers were asked for the labour inputs for different activities in teff production. The questionnaire contained one section exclusively on characteristics of the experimental plot, and farmers were asked to report separately on the labour used for land preparation, sowing, applying fertiliser, harvesting and threshing. 16 For each activity, farmers were also requested to provide the source of the labour in order to distinguish between labour supplied from family, hired-in, or communal labour arrangements (dabo labour sharing with neighbours).
17 Finally, we collected data on the intra-household labour arrangements (male, female and children).
We try to minimise the recall bias and misreporting in the labour data reported by farmers by taking several precautions in the questionnaire design and ex post variable construction. The different strategies applied are discussed in much detail in Appendix B. First, we minimise the time period between each of the teff activities and the data collection, by making use of the two data collection rounds. Second, we apply a winsorisation to the labour data by replacing the top and bottom 5 per cent of the labour data by village averages and report the inter-and intra-household labour allocation data in shares instead of absolute values. Finally, Appendix B also shows that there is no reporting error related with the size of the experimental plot, as the labour data reported by broadcasting farmers is in line with the alternative data sources on teff production.
Empirical strategy
The survey design described above provides a robust framework to identify the impact of row planting on labour use, productivity and profits of adopting teff farmers. T i is individual (i)'s treatment (T i = 1 for a row planting farmer; 0 otherwise), and Y i (T i ) indicates the observed teff outcome given treatment. The average gain in farmers' teff outcome from adopting row planting is
To identify this treatment effect, we need information on the outcome of row planting farmers in the non-treated state (the counterfactual outcome), but this is not observed as farmers in our experiment were assigned to one technology only. However, the random assignment of farmers to different sowing practices and the identical distribution of teff production inputs allows us to use the observed teff productivity from traditional broadcasters as the counterfactual of row planters (Blundell and Dias, 2009 ).
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The implementation of row planting on the experimental plot could not be enforced, some non-compliance issues were identified during the impact survey. This presents a problem if selection occurs on the expected gains (i.e. higher returns) to row planting and adopting farmers systematically differ from those that refuse or are unable to adopt (Blundell and Dias, 2009) . From the 'non-visited' farmers in the random sample, we identified 20 farmers who refused to take up the assigned technology and instead shifted to the opposite technology -18 farmers shifted from row planting to broadcasting while two farmers did the opposite. Given the presence of the mainly 'onesided non-compliance' in our sample, we compare farmers based on their initial random assignment of technology (S i ) rather than actual uptake T i . This estimates the intention-to-treat (ITT) effect, i.e. the effect of row planting on teff yield for those farmers who were initially assigned to row planting, irrespective of the actual implementation on their experimental plot. The ITT is measured by estimating the following regression:
Then, we explicitly take non-compliance into account by using the initial technology assignment, S i , as an instrument for the actual technology takeup, T i . This allows us to estimate the local average treatment effect (LATE), which is the treatment effect for compliers. 19 The ITT and LATE estimates will be reported for several teff outcomes. First, we measure treatment effects on total labour use and on the labour use for different activities in teff production separately. Second, we distinguish labour impacts over the interhousehold labour sources used by the household. Third, we measure disaggregated gender impacts (male, female and children) on family labour use. Then, we will look at the treatment effects of row planting on productivity and profitability. The ITT is estimated using OLS and the LATE using 2SLS, and in each regression, standard errors are bootstrapped and clustered at the village level.
To assess how robust our findings are with respect to the different issues encountered in the experiment, we run several additional specifications when estimating equation (1). First, because non-compliance is small, we compare farmers based on their actual uptake of the technology T i , and check whether this treatment effect -the average treatment effect (ATE) -is substantially different from the ITT and LATE. Second, to take into account some of the imbalances in characteristics between treated and control farmer (see below), we include the covariates that are significantly different between the two groups of farmers as control variables in the regression. Third, to check whether the outlier trimming procedure affects our results, we replace the top and bottom 1 per cent of the labour distributions by village averages (instead of replacing the top and bottom 5 per cent). Fourth, given that the selection of farmers and assignment of technologies was done within each village, we include village fixed effects in the last specification.
The effect of row planting can only be identified if the two groups of farmers are balanced in characteristics that determine teff yield. Table 2 reports the balancedness tests by comparing the means of general and experimental plot characteristics of traditional broadcasting farmers and row planting farmers based on the initial treatment assignment S i (see Table 2 ). We start with the general farm characteristics to test whether row planting farmers are systematically different from farmers who were assigned to broadcasting teff. Table 2 looks at the different household head (panel 1) and household (panel 2) characteristics that were measured during the baseline survey, and thus not affected by the treatment assignment. Table 2 indicates that both groups of farmers are indeed similar in age, literacy, education, household size and non-farm income, as shown by insignificant t-values for most of the coefficients in the last column. Table 2 also reports the balancedness test for experimental plot characteristics of the selected farmers (panel 3). These variables might potentially be affected by the treatment assignment. A significant difference in the means between treated and control farmers could indicate that row planting farmers tend to put more effort or better management into their plots (Barrett et al., 2004; Bulte et al., 2014) . Table 2 shows that -by design -seed rates are significantly different between broadcasting and row planting farmers. Row planting farmers on average apply more urea in relative terms, but are less likely to use herbicides. Besides these important differences, the experimental plot characteristics, input usage and production practices, extension on experimental plot received and production shocks, seem to be fairly similar. However, as a check of robustness, we will control for the (observable) difference between both groups of farmers.
Labour use and profitability in teff production
In this section, we present the empirical results. First, we measure treatment effects over different production activities to assess peak moments in the teff cropping season in which labour constraints are most binding. Next, we present the impacts of the technology on inter-household labour use to see whether any additional labour must be supplied either from within the farm household or by hiring-in labour. Then we document intra-household labour impacts to see whether the adoption of row planting teff affects the gendered division of labour within the household. Finally, we analyse the impact of row planting on land and labour productivity and on profitability in teff production.
Labour use per activity
We start the empirical analysis by looking at the general treatment impact of row planting on labour use in teff production. Table 3 compares labour inputs (person-hours per hectare of cultivated teff land) for traditional broadcasting farmers with the labour use of row planting farmers. Each row represents the different activities in teff production, with the last row providing a sum of total labour use over all activities. The second column of Table 3 shows that Labour, profitability and gender impacts 483 Note: 'Mean' refers to the average value (for continuous variable or % for dummies variable) for traditional broadcasting farmers (controls), and 'difference' refers to the difference in mean for row planting farmers (treatment). *p < 0.10, **p < 0.05, ***p < 0.01. n is the number of observations. t-value refers to the t-statistic of a t-test with null hypothesis that the difference is 0.
the largest labour input for broadcasting teff is required for land preparation, planting, and weeding -when combined, they account for half of the labour used in teff production. Weeding is the most labour-intensive teff activity, followed by threshing, which, respectively, require on average 266 and 217 person-days when cultivating one hectare of teff. In total, traditional broadcasting farmers spend 884 person-hours of labour per hectare on their teff production. The next columns of Table 3 report the results for the row planting treatment effects (ITT and LATE) and their estimated (bootstrapped) standard errors. We focus in the main text on the ITT estimates (column 3 and 4) by comparing row planting and broadcasting farmers based on initial assignment; but the results for the LATE estimation (column 5 and 6) are similar. We start by looking at total labour input required to produce one hectare of teff, i.e. combining the labour inputs over all the production activities. The last row shows that the total labour input applied by row planting farmers is estimated to increase over that of broadcasting farmers by, on average, 255 person-hours of additional labour. The adoption of row planting implies that total labour in teff production increases by almost 30 per cent. 20 If we assume that farmers work 7 h a day, row planting increases labour inputs by 36 persondays. Teff plot sizes in Ethiopia are, however, on average only 0.3 hectares, so adoption would result in an increase in workload of 12 person-days. Given that this is the first study to measure the farm level labour impacts of row planting, we can only compare our results with the labour implications of the SRI technology in Madagascar. Barrett et al. (2004) document that the nonharvest labour (day per ha) applied in rice production increased by 30% over the traditional technology during the first year of experimentation, and most of this increased labour demand was needed for field preparation, transplanting, weeding and water management. The authors also report that 30% or more of the SRI adopters faced a doubling of their per hectare labour demand, while in our data less than 20% of the row planting farmers saw a doubling of labour input.
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The results presented in Table 3 further show that the row planting technology does not significantly increase the labour input required for preparing the experimental teff plot. This could be related to the fact that treated and control farmers do not differ in the number of times they ploughed their experimental plot (Table 2) . Stronger impacts are found for labour used to sow the teff seed and apply fertiliser on the experimental plot. As expected, the labour input for row planting teff seeds increases significantly because of the extra effort needed to carefully construct the rows. Broadcasting one hectare of teff land on average takes 42 person-hours, but row planting triples the labour input for sowing to 138 person-hours, i.e. 20 person-days extra per hectare. Similarly, the labour input for applying fertiliser increases by 41 person-hours because the fertiliser has to be carefully applied to the constructed rows, rather than by scattering the fertiliser by hand.
21 Surprisingly, the labour use for weeding also increases, but this effect is only weakly significant. This finding is in contrast to our prior expectations, but may confirm statements from some farmers during focus group discussions that high-teff seeding rates of traditional broadcasting help to control weeds. Finally, the labour input for harvesting and threshing does not significantly change when implementing row planting.
In Table 4 , we report the estimation results of the robustness checks outlined in the previous section. Each column reports the estimation results of one specification, which can be compared with the original ITT estimation results reported in the third column of Table 3 . First, we compare farmers based on actual technology uptake in column 2 to measure the average gain in farmers' teff outcome from adopting row planting. Second, the third column reports the results from the regression in which we include those experimental plot variables in which broadcasting and row planting farmers are significantly different, i.e. gender, relative use of urea, seed rate and a dummy whether herbicides were used. Third, the ITT coefficients of the treatment effects when using an alternative trimming procedure are reported in column 4. Finally, because the technology assignment was randomised within villages, column 5 reports the ITT coefficients when village fixed effects are included in the regression. In general, the estimated ITT effects in the different sensitivity specifications have the same signs as the original ITT estimates. Most notably, controlling for village fixed effects (e.g. local climate or crop suitability) and the differential seed rate applied does not affect the main results reported in Table 3 . In addition, the estimated magnitudes are similar to the coefficients reported in Table 3 , although a bit higher. Overall, it seems that the main results of Table 3 are confirmed, implying that the original ITT estimates are robust to different specifications.
Inter-and intra-household labour shares
This section analyses how the adoption of row planting affects inter-and intra-household labour allocation in teff production. Table 5 reports the ITT coefficients on the shares of each labour source within the total labour supply for a particular teff activity. In Appendix C, a similar table is presented for the ITT coefficients on labour use in levels (person-hours per hectare), and we refer to that table throughout this section. The left panel of Table 5 displays the results for the inter-household allocation of labour over family, hired and dabo sources in teff production on the experimental plot. The right panel reports the results for the allocation of family labour within the household, i.e. male, female and child labour. Each row blocks represent the different activities in teff production, and each row within a block represents the different inter-and intra-households outcomes. The average shares of traditional broadcasting farmers are reported first and next to it the treatment effect of row planting with bootstrapped standard errors.
We start by looking at the mean values of the inter-and intra-household shares reported by traditional broadcasting farmers in Table 5 . The large majority (91 per cent) of labour applied to teff production is supplied by the family (last row of left panel), which in absolute numbers correspond to 797 person-hours. The same holds true for each specific activity, although relatively more hired and dabo labour is used for harvesting teff. Traditionally, males supply most of the family labour input in teff cultivation (right panel). Note: Each column reports the coefficient of the treatment effect of row planting on labour use (person-hours per hectare) for different robustness checks. Bootstrapped standard errors are clustered at the village level and reported under the coefficients in parentheses. * p < 0.10, * * p < 0.05, * * * p < 0.01. ATE = average treatment effect measured by comparing farmers based on technology uptake (column 2). ITT = intention-to-treat effect measured by comparing farmers on the initial technology assignment. 'ITT with controls' (column 3) controls for the following variables in the regression: gender, seed rate, relative use of urea and a dummy whether herbicides were used (the results for the additional controls are not reported). 'ITT with alternative trimming' (column 4) uses an alternative outlier trimming procedure where top and bottom 1 per cent of outliers are replaced by village averages. 'ITT with village fixed effects' (column 5) includes the village dummies in the regression model. The number of observations is 537 farmers.
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On average, males are responsible for about 80 per cent of the labour, with females and children each supply 10 per cent of the labour in teff production. 22 Males are almost exclusively responsible for preparing, sowing, and applying fertiliser to teff plots with shares above 95 per cent and a total of 720 person-hours. However, females and children are relatively more active in weeding the cultivated plots and in threshing the teff output -compared to the other activities in teff production.
What happens to the allocation of labour between households when adopting row planting? All inter-household labour inputs significantly increase in absolute numbers for planting and fertiliser application (Appendix C); while external labour is used significantly more for weeding and threshing. As a Note: 'Traditional broadcasting' is the average share of labour for each inter-or intra-household source for traditional broadcasting farmers (%). 'Row planting' is the coefficient of the treatment effect of row planting on labour shares (%). The bootstrapped standard errors for these coefficients are clustered at village level and reported next to the coefficients in parentheses. * p < 0.10, * * p < 0.05, * * * p < 0.01. The coefficients estimated are intention-totreat effect, measured by comparing farmers on their initial technology assignment. The number of observations is 537 farmers.
consequence, the total labour use (in levels) of family, hired and dabo labour increases significantly. 23 However, Table 5 shows that the adoption of row planting affects the family, hired and dabo labour shares (column 4) differently. For the pre-harvest activities, the share of family labour in total household labour use decreases; which is compensated by an increase in hired and (especially) dabo labour. The share of family labour also decreases for harvesting and threshing teff output, but this is compensated for by increased usage of hired labour. When totalled over all activities, the last row of Table 5 shows that the share of family labour drops by 6 per cent, while the share of hired and dabo labour significantly increases by 2 per cent and 4 per cent. Hence, it seems that teff farmers' own labour force remains the major labour source when adopting row planting, but a (small) part of the increased labour for row planting has to be supplied from shared and hired labour.
Next, we analyse how row planting affects the shares of intra-household labour use. In absolute numbers (Appendix C), the total amount of labour applied by each family labour category increases significantly by 29 per cent for males, 39 per cent for females and 44 per cent for children. Most of this increased labour is a consequence of the substantial increase in the personhours of labour applied by each household member to sowing and fertilising. The increase in levels is the highest for males, but the relative burden is higher for females and children because they traditionally are not involved in these activities. Therefore, Table 5 (right panel) shows that the share of labour supplied by males for sowing and fertilising decreases, while for females and children the shares increase. While females and children are traditionally not involved in sowing and applying fertiliser, they are becoming relatively more active in these activities when implementing row planting and their shares increase at the expense of those of males. Interestingly, when labour inputs are combined over all activities, the shares of labour supplied by males, females and children do not change significantly when adopting row planting on the experimental plot.
In conclusion, our results show that total labour use in teff production significantly increases when farmers row plant teff compared to traditional seed broadcasting. Moreover, the adoption of row planting seems to have differential implications for inter-household labour allocation. While all interhousehold labour inputs increase in levels, the share of external labour in total labour significantly increases for land preparation, sowing and weeding. Males are traditionally almost exclusively responsible for labour in teff production, but the adoption of row planting requires females and children to supply (relatively) more labour to teff sowing and applying fertiliser. However, the intra-household allocation outcomes do not show a gender effect when looking at total labour usage in teff production.
Teff productivity and profitability
Finally, we assess the treatment effects of row planting on profitability in teff production. First, we estimate equation (1) on different teff outcomes: land productivity (metric tons per hectare), labour productivity (kg per personhour), total costs (ETB per hectare), revenues (ETB per hectare) and the different profits measures (ETB per hectare or capita). Table 6 reports the results for ITT and LATE and is structured in a similar way to Table 4 . The first row reports the treatment effect of row planting on the self-reported teff yield on the experimental plot. Table 6 shows that the average yield benefit associated with the adoption of row planting on the experimental plot is statistically not significantly different from zero. This result is in line with the findings of Abate et al. (2015) and Alemu et al. (2014) , who analysed the impact of row planting on wheat yields in Oromia, and find that row planting increased wheat yield (14 per cent) only in the highland region, and had no significant yield effect in lowland areas.
The next row of Table 6 shows that row planting the experimental plot results in a strong and highly significant negative effect on labour productivity. Using the traditional broadcasting practice, farmers produce 1.6 kg of teff for each person-hour of labour they invest in teff production. However, row Note: 'n' is the number of observations. 'Control' is the average teff outcome for traditional broadcasting farmers. 'Row planting' is the coefficient of the treatment effect of row planting on the teff outcome. The bootstrapped standard errors are clustered at the village level and reported next to the coefficients in parentheses. * p < 0.10, * * p < 0.05, * * * p < 0.01. ITT = intention-to-treat effect measured by comparing farmers on the initial technology assignment. LATE = local average treatment effect measured by instrumenting technology uptake with initial assignment. planting farmers only achieved an average of 1.3 kg per person-hour, a reduction of 25 per cent. Hence, for each hour of labour invested in teff production, farmers obtain 25 per cent less teff output when using row planting to plant their crop as compared to traditional broadcasting.
These land and labour productivity findings are consistent with other cases providing evidence of disappointing farm level productivity impacts, e.g. tissue culture banana technology in Kenya (Kabunga, Dubois and Qaim, 2012) or SRI technology in different contexts (Dobermann, 2004; Noltze, Schwarze and Qaim, 2013) , seemingly related to the different management conditions at farm level compared to well-controlled on-station research settings (Dar et al. 2013 ). In the case of row planting in particular, a complementary paper looks at the drivers of the yield gap between experimental plots managed by researchers and plots managed by farmers in 'real farm' conditions. The results suggest that both demand and supply issues in technology adoption contribute to lower treatment effects of row planting at the farm level. On the one hand, heterogeneity in farmers' skills and access to information about new technologies explains why some farmers (those with higher levels of literacy and more closely located to agricultural cooperatives) obtain higher (and significant) teff yield benefits. On the other hand, receiving inputs (as part of the government intervention) too late and lower quality of extension given to farmers about the row planting technology also result in treatment heterogeneity. We refer to Vandercasteelen et al. (Forthcoming) for an indepth analysis of row planting treatment heterogeneity effects.
The remaining rows in Table 6 assess the profitability impacts of row planting on the teff farmers in our experiment. First, Table 6 shows that the variable costs of teff production (with or without family labour included) increase significantly by more than one-quarter when implementing row planting. 24 Moreover, because of the insignificant increase in teff yield, the gross teff incomes are not significantly higher when row planting teff. As a consequence of the increased cost, together with the insignificant yield benefit, row planting the experimental teff plot did not make teff production more profitable for adopting farmers, irrespective of which profit measure is used. For example, traditional broadcasting farmers were able to achieve, on average, ETB6,700 in profit per hectare, Row planting increased profits by 5 per cent, but this effect is not significantly different from zero. Similarly, the effect of row planting on profits without family labour or calculated on per capita basis is small and non-significant. 25 24 This increase in costs is mainly caused by the increased use of labour for sowing and applying fertiliser; which -together with the increased use of labour for weeding and urea -clearly outweighs the reduction in cost from saving seed. 25 We only look at direct effects of row planting on teff productivity and profitability. There might, however, be more indirect effects on total household income when farmers adopt a new labour-intensive technology. One such indirect effect of participation in the experiment is the possibility that adopting row planting in teff production affects other household activities. To test for this effect, we run an additional regression where we compare dummies between the control and treatment group that test whether the household is active in other household income activities. The household income activities we consider are (i) the five most commonly Labour, profitability and gender impacts 491
Conclusions
This paper looks at how the adoption of row planting, as part of a government-led promotion campaign in Ethiopia, has affected labour use, productivity and profitability in teff production. We find that the labour requirements associated with row planting of teff increase in total by 30 per cent, especially for teff activities which take place early in the season. This leads to a higher share of external labour being used in teff production. Row planting did not result in a significant increase in land productivity, while labour productivity dropped substantially. Moreover, the adoption of row planting did not lead to significantly higher profits for the adopting farmers. While the evidence is presented for row planting in teff production, we believe that our results might be more generally applicable to other labour-intensive land management technologies that have been introduced in staple food production which face low productivity levels similar to teff in Ethiopia.
We warn against exact causal interpretation of the estimated impacts because of several caveats in the study. First, given that the experiments were conducted on small plots, there might be problems with inferences to the hectare level. We are, however, quite confident in our results as to the labour input numbers reported by broadcasting farmers, because these are in line with the numbers reported in related literature on teff production in Ethiopia. Second, widespread adoption of the row planting technology might have implications on overall agricultural labour markets and lead to increased agricultural wages. These effects have not been taken into account in our analysis. A final related caveat is that due to data limitations, we cannot assess how row planting adoption has affected farmers' non-farm and other wealth outcomes. Takahashi and Barrett (2013) , for example, show that households adopting SRI enjoy no overall household income gain because labour is reallocated from nonfarm activities to agricultural production. However, because our experiment was conducted on a small plot, we believe that there were no substantial wider economic effects.
As the design of the experiment was rolled out in line with the governmentled promotion campaign, our results have important policy implications for the adoption of row planting in Ethiopia. As row planting is very labour intensive, adoption might be difficult for labour-constrained households which are unable to invest more person-hours of labour in teff production. Our results show that because row planting increases labour use during peak times, i.e. at the beginning of the production season, seasonal labour constraints might be another cultivated crops except for teff (i.e. wheat, maize, chickpea, grass pea, and grazing) and (ii) the three most common non-agricultural production activities (i.e. agricultural trade, selling food or drinks and non-agricultural wage). The (non-reported) regression results show that row planting farmers do not significantly differ in participation in any of the non-teff or non-agricultural income activities, and hence it is not likely that participation in the experiment affected their household income through other activities than teff production. important constraint to the adoption of row planting (Hailu, Weersink and Minten, 2015) . Our results further suggest that the adoption of row planting has important inter-household labour consequences. Even though more labour is used from all inter-household sources, exchange and hired labour is used relatively more. Hence, households with access to exchange or hired labour seem to be in a better position to adopt row planting.
Moreover, our results contribute to the policy discussion on how to promote new agricultural technologies like row planting in Ethiopia and elsewhere. Farmers will only adopt a new technology if it is profitable, but we show that during the first year that the teff row planting technology was promoted to farmers, profitability levels did not improve. These results illustrate that there is a need for a careful on-farm assessment of the constraints to adoption, especially the labour implications, when starting up widespread promotion campaigns to scale up adoption of such technologies (Orr, 2003; Moser and Barrett, 2006) . However, as these data are a cross-section of the short-run impacts of adoption, we cannot generalise that the long-run returns to row planting will be insignificant. Continued experimentation and learning-by-doing with the row planting technology are likely to improve farmers' implementation and management of the technology and, hence, their profitability outcomes, as has been observed for other technologies (Foster and Rosenzweig, 1995; Barrett et al., 2004; Brouder and Gomez-Macpherson, 2014) .
Finally, we acknowledge that because this study was purposely designed to rigorously measure the productivity and profitability impacts of row planting, our results cannot be interpreted as a programme evaluation of the complete TIRR package. The advantage of our RCT design -random farmer selection and technology assignment -allows us to construct a proper counterfactual and to avoid sample selection biases, but this comes at the cost of being unable to assess the different components of the TIRR package. However, the availability of panel data on teff production practices will allow future research to assess dynamics in the adoption of the different elements of the TIRR package. Moreover, other studies have focused on improved access to and promotion of improved seeds and fertiliser in Ethiopia. While initial adoption rates were promising, farmers have tended to dis-adopt the fertiliser and seed packages because of high cost, lack of credit and delivery problems (Spielman et al., 2010; Krishnan and Patnam, 2014) . Similarly, the preliminary results of an indepth assessment of the recently renewed national extension and training programme show the weaknesses and strengths of extension in Ethiopia (Davis et al., 2010) .
This replacement strategy has several implications for the number of farmers interviewed in the baseline survey as these remaining farmers had been (randomly) assigned to row planting. As a consequence, traditional broadcasting farmers are below the target number, while the number of row planting farmers exceeds the target. Moreover, there was not a sufficient number of remaining farmers to replace the non-interviewed farmers and we could not achieve the target of 20 farmers in 16 villages. This explains why the total number of farmers in the baseline survey is below the target of the experimental design. Even though the replacement of traditional broadcasting and row planting farmers was done randomly, we wanted to make sure that this replacement strategy did not introduce any selection bias in our experimental design. Therefore, enumerators were asked to identify the 'non-visited' farmers in the random villages and these farmers were revisited during the impact survey.
26 As a consequence, the 'impact survey sample' consists of 537 farmers as it includes both the baseline farmers (410) and replacement farmers (127). Finally, the second panel of the table above shows the other problems with our sample. First, six farmers did not report any output during the impact survey. Second, 20 farmers out of the 127 'non-interviewed' farmers refused or did not implement the assigned technology but instead adopted the opposite technology and are therefore considered as non-compliers. Third, these and the remaining 'non-interviewed' farmers have no crop-cut output. Additionally, seven farmers did not report any output during the crop-cut survey.
Appendix B: Measurement issues in labour data
To minimise the recall bias in the labour data reported by farmers, the time period between the execution of the teff activities and the data collection was kept short. Farmers were interviewed twice about their labour use in teff cultivation ( Figure B1 ). First, baseline enumerators visited farmers in September Figure B1 . Timing of survey and activities in teff production.
26 The DAs were instructed to list all initially randomly selected farmers and their replacements if they were not interviewed. In this way, the enumerators could identify the non-interviewed farmers to visit them during the impact survey. This exercise was done for the randomly selected villages to avoid attrition bias even though replacement was done randomly. Due to budgetary constraints, these farmers could not be revisited in the non-random village, but six non-randomly selected farmers were accidentally revisited. Unfortunately, it was not possible to find all of the non-visited control and row planting farmers in each village.
Labour, profitability and gender impacts 499 2012, just after they had planted their experimental plot. During this 'baseline' survey, information was collected on the experimental plot characteristics, teff production over 2011-2012, and general household and background information. Second, an impact survey was fielded after the teff was harvested on the experimental plot in February 2013, with additional information collected on teff production and management practices on the experimental plot. Depending on the timing of the activities in teff production, we combined the labour data from the baseline and impact survey to construct our main labour variables of interest in the following way. The data covering the first three activities in teff production, i.e. land preparation, sowing and fertiliser application, were taken from the baseline survey, as teff is planted during July and August. Similarly, the last three activities, i.e. weeding, harvesting and threshing, were taken from the impact survey, as farmers harvested the teff from their experimental plots in November and December. This strategy ensures internal consistency because the time gap between planting and the baseline survey and between harvesting and the impact survey are both about 3 months apart. Therefore, we believe that this approach provides reasonably accurate estimates of farmers' labour input into their teff plots.
The impact survey collected data on farmers' intra-household allocation of supplied family labour (male, female and children) on the experimental plot. Unfortunately, the gender-disaggregated data were only collected during the impact survey, so that the above recall strategy could not be applied. Hence, the sum of the intra-household labour numbers does not necessarily add up to the total inter-household family labour, especially not for the first three activities in teff production. As it turns out, the sum of the intrahousehold labour data is in total larger than the inter-household family labour, highlighting that farmers overestimated the gender-disaggregated labour data. We cannot provide any obvious explanation for this, except for the fact that there are greater issues with recall in the impact survey. In addition, given that the household head (mainly males, see Table 2 ) answered the intra-household labour questions, data on the labour input of females and children were only indirectly collected. Therefore, caution should be taken when interpreting the treatment effects on the gender-disaggregated data, especially for the first three activities.
To account for potential misreporting of levels in the labour data, we take two precautions. First, to control for outliers, all labour data were trimmed by replacing the lower and top 5 per cent of the labour data distribution by village averages. Second, when assessing the impacts on inter-and intrahousehold labour allocation, we look at the treatment effects on the shares of labour allocated to each inter-and intra-household sources, i.e. relative numbers with respect to the total.
The analysis of inter-and intra-household labour data is further complicated by the inherent difficulties associated with collecting such data (Bardasi et al., 2011) . Farmers might simultaneously apply family labour on several activities in teff production, and hence it might be difficult to disentangle the labour input for each activity. Moreover, it also is often difficult to separate the actual time that farmers have worked on an activity from other time uses in teff production, such as plot or labour supervision, as well as for leisure. However, the treatment effects will only be confounded if we believe that there are systematic differences in labour responses by treatment status.
One final issue of concern might be reporting errors related to plot sizes. The instructed experimental plot size was relatively small (300 m 2 ) and selfreported labour data might be overestimated because of mean-reverting measurement error and rounding effects when scaling these numbers on a per hectare basis. To assess this problem, we compare the labour input on the experimental plot reported by traditional broadcasting farmers with other data sources that contain labour input data in teff production and check for substantial differences, as shown in Table B1 . 27 The first row reports the labour input on the experimental plot (converted to person-days) for control farmers. The second and the third row report labour input on all plots, excluding the experimental plot, collected in the agricultural section of the baseline (meher 2011) and impact (meher 2012) questionnaires respectively. 28 Since labour input on threshing was not collected, column 3 compares total labour inputs without threshing, and we find these to be very similar to the experimental plot data.
Row 4 in the table reports labour inputs from alternative plot level data in teff production, collected through the Teff Value Chain survey (Minten et al., 2016) in the same geographical zone. The average labour requirement per hectare in teff production (125 person-days) is very similar to the labour input reported by the control farmers in our survey (124). This number is also close to alternative estimates by Hailu, Weersink and Minten (2015) who estimate median labour use in major teff producing areas at 112 persondays per hectare. We performed a two sample t-test on all of these differences, but none of the test statistics turned out to be significant. 27 To date, there are no alternative data available on labour implications of row planting.
Therefore, we focus on labour data collected on traditional broadcasting farmers. While we would prefer to report the labour inputs per specific activity, this is not possible because each data source combines teff activities into different categories and different units. For example, in the agricultural section of the survey questionnaire, the labour input is asked for land preparation and planting together, while in the experimental section of the survey, data were collected for each activity separately. Therefore, we only report total labour inputs, and we apply the same outlier trimming procedure. 28 It is safe to assume that all participating farmers (both traditional broadcasting and row planting farmers) broadcasted their plots in meher 2011, because the row planting promotion campaign
was not yet rolled out. In meher 2012, it might be possible that some of the participating farmers used the row planting technology on other plot, after been exposed to the experiment. If this would be the case, our results suggest that labour inputs should be higher, which is not the case in Appendix B table. Finally, in the Teff Value Chain survey (Minten et al., 2016) , less than 1% of the surveyed farmers reported to have implemented row planting, so we can safely assume that the reported numbers reflect the labour input of traditional broadcasting planting farmers.
Labour, profitability and gender impacts 501 Note: n is the number of observations. SD is the standard deviation. 'Total labour without threshing' (column 3) refers to the sum of all teff production activities, excluding threshing, and is reported in person-days per hectare of cultivated teff land. 'Total labour with threshing' (column 5) refers to the sum of all teff production activities, including threshing, and is reported in person-days per hectare of cultivated teff land. 'meher' is the main production season in Ethiopia. 'Experimental plot of controls' refers to the labour input on teff plots for traditional broadcasting farmers participating in the experiment. These data were measured in person-hours of labour (converted into person-days per hectare by assuming that farmers work 7 h per day) and collected on the teff production operations of land preparation, planting, fertiliser application, weeding, harvesting and threshing. 'Teff plots cultivated in meher 2011' refers to the labour data on teff plots of all participating farmers who were cultivated during meher 2011 and collected in the 'Agricultural Production' section in the Baseline survey. 'Teff plots cultivated in meher 2012' refers to the labour input on teff plots of all participating farmers who were cultivated during meher 2012 and collected in the 'Agricultural Production' section in the Impact survey. The Agricultural Production section measured labour input in person-days (converted in per hectare) and collected on the teff production operations of land preparation and planting, weeding and herbicide application, applying chemical fertiliser, applying manure and other organic inputs, pest control, and harvest and post-harvest activities. Finally, 'Teff plots from teff value chain (meher 2012)' refers to the labour data collected on plots of the teff farmers surveyed by Minten et al. (2015) in the same geographical area. These data were measured in person-hours of labour (converted to per hectare) and collected on the teff production operations of tilling, manure and organic fertiliser use, sowing and fertiliser use, weeding, herbicide or pesticide application, harvesting, post-harvest activities and threshing.
Appendix C: Effect of row planting (ITT) on interand intra-household labour usage in levels (person-hours per hectare) Note. 'Control' is the average share of labour for each source for traditional broadcasting farmers in %. 'Row planting' is the coefficient of the treatment effect of row planting on labour shares (%), and the (bootstrapped) standard errors are clustered at the village level and reported under the coefficients in parentheses. * p < 0.10, * * p < 0.05,
